Most Cypripedium spp. are known to be pollinated by bees. However, myiophilous traits are found in some species, especially in sections Trigonopedia and Sinopedilum. Here we chose C. micranthum and C. sichuanense, two sympatric species endemic to Sichuan, China, to test whether these orchids are fly pollinated. Artificial pollination showed that both flowers are self-compatible but need pollen vectors for successful reproduction. Field observation showed that C. micranthum was pollinated by fruit flies and C. sichuanense by dung flies, both novel pollinators of Cypripedium orchids. These sympatric Cypripedium spp. are also cross-compatible, but hybrids were not found in nature. The pollination syndromes of C. sichuanense and C. micranthum fit into the complex sapromyiophily pattern. It appears that pollinator specificity is responsible for their reproductive isolation. The discovery of fly pollination in C. sichuanense and C. micranthum, which belong to the related sections Trigonopedia and Sinopedilum, suggests a shift from bee to fly pollination in the genus Cypripedium. Unlike most Cypripedium spp., the anthers of C. micranthum release discrete pollinia with narrow stalks instead of the usual amorphous pollen smears. This 'proto-pollinarium' is described, probably for the first time. These pollinia are most likely an adaptation for pollination by microdiptera, so the fly can carry the contents of both chambers in the same anther.
INTRODUCTION
It is well known that after Hymenoptera, Diptera are the most important group of orchid pollinators (van der Pijl & Dodson, 1966) , with pollination by species in c. 20 families of Diptera being known (Christensen, 1994) . Estimates suggest that 15% (van der Pijl & Dodson, 1966) to 25% (Christensen, 1994) of orchid species have myiophilous (fly-pollinated) flowers. Some flies visit decaying substances either for food or to deposit their eggs. Flowers with the odours and colours that imitate these substances in order to attract the flies for their pollination are called sapromyiophilous. Sapromyiophilous flowers produce putrescent odours and do not produce nectar. These flowers commonly form traps that hold the pollinator, have various complex attracting devices and are purple-brown or greenish in coloration, resembling rotting meat or other foul substances.
Most species of subfamily Cypripedioideae, Orchidaceae, commonly known as the lady's slippers, have been thought to be pollinated by bees (Dodson, 1966) , but flies have been observed to be efficient pollinators of some species in the tropical genera Paphiopedilum Pfitzer and Phragmipedium Rolfe (Bänziger, 1996; Shi et al., 2009; Pemberton, 2011) . The genus Cypripedium L. of Cypripedioideae consists of approximately 50 species widespread in North America and temperate Asia (Cribb, 1997) . Most Cypripedium species are known to be pollinated by bees (Stoutamire, 1967; Nilsson, 1979; Davis, 1986; Sugiura et al., 2001 Sugiura et al., , 2002 Bänziger, Sun & Luo, 2005 Li et al., 2006 Li et al., , 2008a . Exceptions are the related North American C. reginae Walt (Vogt, 1990) and the Chinese C. flavum P.F.Hunt & Summerh. (Zheng et al., 2011) , which are pollinated by bees and flies. In addition, recent reports showed that C. lentiginosum P.J.Cribb & S.C.Chen and C. fargesii Franch., two species of section Trigonopedia Franch., are pollinated by flies (Liu et al., 2008; Ren et al., 2011) . In fact, fly pollination has been hypothesized in other species of sections Trigonopedia and Sinopedilum Perner, such as C. forrestii Cribb, C. margaritaceum Franch. and C. lichiangense Cribb & S.C.Chen (Cribb, 1997) .
Based on morphological, palynological, anatomical and molecular data, section Trigonopedia has been regarded as the most evolutionarily advanced group of Cypripedium (Cribb, 1997) . Recently, a molecular phylogenetic analysis was performed on 58 Cypripedium spp. based on nuclear ribosomal DNA (rDNA) internal transcribed spacer (ITS) sequences and four non-coding regions of the plastid genome, which suggests that section Trigonopedia could be divided into two sections, i.e. Trigonopedia and Sinopedilum . Myiophilous traits (brown sepals, hairs, windows and the trapping labellum) (van der Pijl & Dodson, 1966) are found in some species in the sections Trigonopedia and Sinopedilum. All species of these sections found until now are endemic to western China and their flower coloration and scent all point to fly pollination. Here, we report the results of our investigations of the pollination ecology of C. micranthum Franch. in Sinopedilum and C. sichuanense Perner in Trigonopedia, two sympatric species endemic to Sichuan, China. Until now, no large populations of C. micranthum and C. sichuanense have been found in the world. We encountered only one population of C. micranthum and C. sichuanense after investigating most orchid areas in north-western Yunnan and northern Sichuan. The main aim of this study is to test whether these orchids are fly pollinated, as suggested by their appearance, which fits the sapromyiophilous syndrome.
MATERIAL AND METHODS
The populations of C. micranthum and C. sichuanense were distributed in Danyun Gorge, Huanglong Nature Reserve (102°38′ to 104°15′E, 32°05′ to 33°09′N), Sichuan, China. Only 27 flowering plants of C. micranthum and 40 of C. sichuanense were found. The site occurs at an altitude of 2020 m, beneath a dense shrub layer dominated by species of Rhododendron L and Populus cathayana Rehd.
Cypripedium sichuanense is a recently described species (Perner, 2002 ) from northern Sichuan, China. It grows in shady situations as well as in nearly full sun, where it is smaller but produces more flowering stems from the short stout rhizome. Sepals, petals and labellum are marked with maroon spots and stripes (Fig. 1A) . Flowering time is May to early June. To the human nose, the flowers of C. sichuanense produce a faint but disagreeable odour reminiscent of rotting vegetation.
Cypripedium micranthum has almost the smallest flowers in the genus and is distinguished by its densely reddish hairy pedicel and ovary, densely pubescent sepals and a small labellum ( Fig. 2A) . It is only found in shady situations and flowering time is also May to early June. Cypripedium micranthum commonly emits a rotting fruity scent with a slightly sour character, and produces a distinct alcoholic odour when exposed to full sun through gaps in the forest canopy.
Each anther sac of C. micranthum contains a discrete, elongated, paired pollinium terminating in a sticky tip (Fig. 2D) . In contrast, each anther sac of C. sichuanense contains paired pollinia with more of a round or doughnut shape (Fig. 1D) . The following methods were followed for both C. micranthum and C. sichuanense.
BREEDING SYSTEM
Four treatments were conducted to define the breeding system. In each treatment, flower buds were selected at random and tagged on the first day the flowers opened. The labellum was then removed from the flower to prevent insect visitation. Because of the rarity of these species, we could only conduct experiments on four flowers of C. sichuanense and three flowers of C. micranthum for each treatment.
1. Hand-mediated cross-pollination in the same species: a pollinium from the anther of a flower from a donor plant growing at least 1 m away from the recipient plant, was placed directly on the stigma of the recipient plant. 2. Hand-mediated self-pollination in the same species: a pollinium from a flower was placed directly on the stigma of the same flower, where it adhered. 3. Control for spontaneous autogamy in the same species: the flower was untreated (no pollinium was placed on the stigma after the labellum was excised). 4. Hand-mediated cross-pollination between two species: a pollinium from the anther from a flower of one species was placed directly on the stigma of a flower of another species, where it adhered.
The fruit set of treated flowers and natural flowers was recorded in August every year. . Insect activity, including approaches to the flowers, landing on a floral organ, entering the labellum, crawling into the flower and, most importantly, whether pollinium was removed, was recorded. Insects observed visiting flowers were captured with a sweep net when they exited the labellum and killed in a jar containing fumes of ethyl acetate. The length and width of the insect specimens were measured with digital calipers. Their bodies were also checked for depositions of pollinium and then these specimens were identified.
MORPHOMETRIC COMPATIBILITY BETWEEN CYPRIPEDIUM SPECIES AND THEIR POLLINATORS
To assess the relationship between floral morphology and pollinators, five fresh flowers of each species were chosen at random and measured. The labellum entrance diameter (the dorsal orifice), the height 
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between the stigma and the bottom of the labellum, the height between the anther and the bottom of the labellum and the exit width of the labellum were measured with digital calipers to the closest 0.1 mm.
RESULTS

BREEDING SYSTEMS OF CYPRIPEDIUM SICHUANENSE AND C. MICRANTHUM
The breeding system experiments showed that 75% of self-pollinated and cross-pollinated flowers of C. sichuanense (N = 4) developed capsules from the pollen transfers, whereas none of the control flowers for spontaneous self-pollination produced capsules (Table 1) (Table 1) . None of the control flowers for spontaneous self-pollination set fruit (N = 3), whereas self-pollinated and cross-pollinated flowers produced 100% capsules (N = 3).
In addition, the hybridization treatments using C. sichuanense and C. micranthum as male or female parent (N = 3) successfully produced one and two capsules, respectively (Table 1) .
INSECT VISITORS AND POLLINATOR ACTIVITY
OF CYPRIPEDIUM SICHUANENSE Flowers of C. sichuanense were observed for a combined total of 30 h in 2005, 2006 and 2009 . The habitat on a steep, slippery slope made observations challenging and limited the extent of observation. One spider and nine insect species were found visiting the flowers, including blowflies, dung flies, syrphid flies and ants. Only ants and dung flies were found to enter the labellum, and only dung flies were found carrying pollinium away from the labellum (Fig. 1C,  D ). They were identified as female Scathophaga sp. (Scathophagidae).
Because of the limited observation time, the whole process of dung fly pollination was not observed in the field, but three dung flies were found in the labellum of C. sichuanense. One was dead, stuck to an anther while attempting to exit the flower. The other two escaped successfully from the labellum, but their exiting time required 48 min and 67 min, respectively. When the flies were under an anther, the sticky flower pollinium attached to their thoraces (Fig. 1C ) and they twisted their bodies and vibrated their wings frequently attempting to escape. As they advanced toward the exit, the pollinium was still attached to the anther and the fly twisted, causing the exit space between the anther and the lateral petal to narrow, further inhibiting the escape of the flies. Thus, the dung flies were trapped between the anther and petal for a long time, until they were able to pull the sticky pollinium completely away from the anther. One dung fly removed the entire pollinium (Fig. 1D ) from the anther and the second removed c. 75% of the contents of the anther.
OF CYPRIPEDIUM MICRANTHUM Flowers of C. micranthum were observed for 25 h, and eight insect species and one spider were found to be the visitors, including ants, mosquitoes, midges, mirid bugs, moths and fruit flies. Three Drosophila individuals were observed flying to the flower from the grass leaves nearby, and then walking around on the labellum and sepals (Fig. 2B ), but we did not observe the fruit fly enter a labellum. However, we observed one fruit fly resting on the sepals with pollinia on its thorax (Fig. 2C) after escaping from the exit of the labellum. It was identified to be a species in the Drosophila immigrans species group. (Tables 2 and 3 ). This guaranteed unimpeded pollinator entrance and potential escape although flanges of tissue extend downward from the opening to impede escape of visitors. The height between the stigma and the bottom of the labellum is slightly larger than or equal to the thorax height (depth) of their pollinators (Tables 2 and 3 ). Consequently, pollinia carried on the dorsal surfaces of the dung flies and by the fruit flies should contact and be scraped by the papillose stigma, as the insects crawl on the labellum floor to reach the rear apertures. Because the height between the anther and the bottom of the labellum is shorter than the thorax height of flies (Tables 2 and 3 ), the flies must make contact with the sticky pollinium while pushing past an anther to reach the exit apertures.
DISCUSSION REPRODUCTIVE ISOLATION BETWEEN SYMPATRIC CYPRIPEDIUM MICRANTHUM AND C. SICHUANENSE
Orchid flowers are often highly specialized for attracting and accommodating their pollinators, and many orchid-pollinator relationships are species specific (Johnson & Steiner, 2000) . Pollinator specificity may act as an ethological, prezygotic reproductive isolation mechanism among orchid species that grow sympatrically and have overlapping flowering phenologies (Dressler, 1993) . However, a series of studies on Mediterranean temperate orchids indicate that pollinator specificity is not always the main isolation mechanism in food-deceptive orchids (Cozzolino, Saverio & Widmer, 2004; Scopece et al., 2007; Scopece, Widmer & Cozzolino, 2008) . In contrast, our experimental crosses between C. sichuanense and C. micranthum (Table 1) produced fruit indicating a lack of physiological isolating mechanisms. Despite the physiological compatibility of these orchids, hybrids are unknown in nature between these narrowly sympatric, co-flowering orchid species. This supports the idea that pollinator specificity is the main mechanism maintaining species boundaries in these Cypripedium spp. and probably other orchids with specialist pollinators. Floral architecture is viewed as the primary character limiting the role of insect visitors and in determining the successful pollination of Cypripedium spp. (Li et al., 2008a) . Cypripedium acaule Aiton, C. macranthos Sw. and C. tibeticum King ex Rolfe with their wide labellum entrances accommodate large, queen bumblebees as pollinators (Davis, 1986; Sugiura et al., 2002; Li et al., 2006) , whereas C. arietinum, C. henryi and C. plectrochilum with their 1-2 mm wide entrance depend exclusively on small Lasioglossum bees (Stoutamire, 1967; Bänziger et al., 2008; Li et al., 2008a, b) . With similar fly pollination syndromes, (flower colour and odour pointing to fly pollination), C. sichuanense and C. micranthum have different-sized pollinators corresponding to their different-sized labellums. It is apparent that the fruit fly and dung fly pollinators of C. sichuanense and C. micranthum are excellent morphometric matches with these orchids, which, with colour and fragrance, leads to reproductive isolation.
POLLINATORS
Our discoveries of a fruit fly with a pollinium of C. micranthum and dung flies with pollinia of C. sichuanense indicate that both species are fly pollinated. This is the first study to document fruit fly and dung fly pollinators of Cypripedium spp. As previously stated, most Cypripedium spp. are pollinated solely by various bees (Bänziger et al., 2005 (Bänziger et al., , 2008 Bernhardt & Edens-Meier, 2010) and, until now, only two Cypripedium spp. were known to be pollinated solely by flies, i.e. flat-footed flies in C. fargesii (Ren et al., 2011) and syrphid flies in C. lentiginosum (Liu et al., 2008) .
However, a few publications confirm the pollination of orchids or other angiosperms by members of the family Drosophilidae. For example, Chase (1985) recorded and photographed the pandemic and invasive fruit fly, Drosophila immigrans, in a greenhouse in Ann Arbor, Michigan, USA. These insects pollinated the reddish-brown flowers of Neotropical Pleurothallis endotrachys Rchb.f. after the blossoms produced faint odours like rotting fruit. In another study, Duque (1993) identified a few drosophilids as pollinators of some members of Pleurothallidinae, but was unable to identify them to genus level. With similar floral characters, i.e. brown flowers and a rotting smell, it is not surprising that C. micranthum was pollinated by Drosophila spp. We interpret the floral scent and pigmentation patterns in C. micranthum as evidence that it is attractive to fruit flies.
To our knowledge, C. sichuanense is the first report that dung flies (Scathophaga sp.) pollinate orchids. These flies, which live in dung as larvae and prey on insects as adults, often visit flowers to seek prey and to feed on pollen and nectar (Proctor, Yeo & Lack, 1996) . Dung fly pollination has recently been described in Monodoura tenuifolia Benth. (Annonaceae), which has large flowers with yellowish petals spotted with dark red markings, and the disagreeable scent, resembling rabbit dung, attracts flies, principally dung flies (Gottsberger, Meinke & Porembski, 2011 ; see also Goodrich, 2012; Gottsberger, 2012; Saunders, 2012) . Similarly, the dull flower colour and unpleasant scent in C. sichuanense probably attract dung flies. In addition, all sarcophagid flies taken from C. sichuanense were females, which suggests brood-site mimesis for female flies most likely laying eggs on dung.
FLY POLLINATION SYNDROME OF CYPRIPEDIUM
Although the syndrome concept is a descriptive approach, it is a useful tool in understanding the evolution of flower-pollinator relationships and for predicting the likely pollinators of a given taxon. The classical syndromes recognize two types of fly pollination: myiophily and sapromyiophily. Flowers exhibiting the first syndrome are more or less actinomorphic, usually with a light colour and sweet odour, and visited by flies seeking food, primarily nectar (Christensen, 1994) . In contrast, attraction to sapromyiophilous flowers is often based on deception, with flies instinctively attracted by the colours, smells and textures that mimic natural food sources or brood sites of flies associated with decay.
The sapromyiophilous syndrome may be divided into three subsyndromes (van der Pijl & Dodson, 1966) . Simple sapromyiophily includes more or less regular flowers with open nectaries and exposed sexual organs. Complex sapromyiophily flowers often have trap devices and sexual organs hidden in the interior of the flower. For mycetomyiophily, the flowers mimic fungi in shape, smell and colour. The pollination syndromes of C. sichuanense and C. micranthum fit the complex sapromyiophily pattern. These slipper orchid flowers are one-way trap flowers. The pollinator enters into the labellum from the front entrance and exits through one of the two basal orifices formed by the staminode blocking the openings at the base of the labellum and the anthers and lateral petals constricting the lateral openings. These traps also have one-way bristles and transparent windows that direct the trapped insects upwards and backwards to the stigma. Motile labella allow some expansion of the rear apertures as the insect struggles to exit. Their perianths are marked with spots and stripes and bear hairs. The colours are predominantly dull, greenish to purple-brown. The odour is usually strong and unpleasant, resembling that of alcohol, rotten meat or other types of decaying protein. Slipper orchids in sections Trigonopedia and Sinopedilum with the similar floral characteristics are probably also fly pollinated. In addition, it has recently been found in another species of Trigonopedia. For example, C. fargesii is pollinated by flat-footed fungus flies through mimicking fungus-infected foliage (Ren et al., 2011) .
The fly pollination system in C. sichuanense, C. micranthum and their allies in sections Trigonopedia and Sinopedilum is unique in the genus Cypripedium. Molecular data indicate that sections Trigonopedia and Sinopedilum are related and in the middle clade of Cypripedium orchids . Most of the species in the basal and advanced clades are pollinated by different bees (see review of Bernhardt & Edens-Meier, 2010) , whereas all the species studied until now in sections Trigonopedia and Sinopedilum are pollinated by different flies (Liu et al., 2008; Ren et al., 2011) . Thus, there exists a pollination shift tendency from bee pollination to fly pollination in Cypripedium.
Both species in Sinopedilum, C. micranthum and C. bardolphianum W.W.Smith & Farrer (Y. Luo & P. Li, unpubl. data) , have hard pollinia and are pollinated exclusively by small drosophilid flies. Therefore, species of Sinopedilum may represent a natural group of flowers pollinated by drosophilids, whereas members of Trigonopedia are probably pollinated by larger flies based on recent publications on the pollination of C. fargesii (Ren et al., 2011) and C. lentiginosum (Liu et al., 2008) . This means that Cypripedium spp. with hard pollinia interconnected to a sticky plug evolved only in section Sinopedilum. These pollinia are most likely an adaptation for pollination by microdiptera, so the fly can carry the contents of both chambers in the same anther. The more pollen the fly carries the more seeds will be fertilized in the next flower. The tiny space on the dorsum of the thorax of a drosophilid is too small to carry significant amounts of pollen released as a smear or a film, as occurs in most Cypripedium spp. Dressler (1993) hypothesized that evolution in Orchidaceae was largely indicative of stress-tolerant strategies, as most species in the family now grow as epiphytes in moist middle-montane regions and/or as terrestrial herbs in the humus layer of moist, shady forests. We hypothesize that the ancestral pollinarium of the now dominant monandrous orchids was co-adapted with small-bodied pollinators. If proto-orchids evolved with micro-dipterans, similar in dimensions to modern Drosophila spp., these flies could have been among the earliest pollinia vectors prior to the evolution of the true rostellum. In fact, the shift towards pollinia evolved more than once in subfamily Cypripedioideae, in which the rostellum is always absent. Pollinia are found in some Selenipedium spp. (Dressler, 1993) and it would be useful to learn whether these flowers are also pollinated by relatively small and/or feeble insects. In Cypripedium, most bee-pollinated species relase their pollinia in smears and sticky fragments (Bernhardt & Edens-Meier, 2010) . In flypollinated species C. fargesii, the contents of the entire anther is deposited on the insect, but the soft pollinia adheres directly to the insect (Ren et al., 2011) , as in our study species C. sichuanense. Compared with these orchids, the pollinia of C. micranthum are attached to the fly via sterile stalks attached to a sticky disc. As there is no rostellum in the flower, this is important as it is a 'protopollinarium' probably described for the first time. In particular, C. bardolphianum also produces pollinia (Y. Luo & P. Li, unpubl. data) .
